More than 300 strains of Frustulia rhomboides sensu lato were isolated from populations across Europe to estimate its molecular diversity and geographic distribution in oligotrophic freshwater habitats. Phylogenetic analyses, based on partial large subunit (LSU) rDNA sequences, revealed six lineages that did not fully correspond with the separation of F. rhomboides into traditional varieties. Although four closely related lineages showed substantial overlaps in morphology, the characteristic morphological features could be determined using morphometric techniques. The phylogenetic lineages of F. rhomboides showed different patterns of distribution among regions. Sequence frequencies within samples from different habitats indicated that distribution of the common lineages most likely reflected their different ecological preferences rather than dispersal constraints.
INTRODUCTION
A multidisciplinary approach to the discovery and delimitation of protist species (e.g. Behnke et al. 2004; Mann et al. 2004; Lowe et al. 2005a; Prö schold & Leliaert 2007; Weisse et al. 2008) has renewed a debate regarding species concepts (Mann 1999 (Mann , 2010 de Queiroz 2005 de Queiroz , 2007 Fenchel & Finlay 2006) . Molecular genetic methods, morphometric techniques, breeding experiments, and cultivation under controlled conditions have revealed hidden diversity within traditional morphologically defined species. However, conflicting evidence regarding species boundaries indicated that rates of morphological and molecular evolution may be decoupled (Philippe et al. 1994; Alverson 2008) , and reproductively compatible strains may be isolated by spatial or temporal separation (Behnke et al. 2004; Casteleyn et al. 2008) . Furthermore, the molecular markers may not reflect the ecophysiological differentiations of the strains (Fenchel 2005; Lowe et al. 2005b; Weisse 2008) , and the measured theoretical niche may be broader than the realized niche (Boenigk et al. 2007; Vanelslander et al. 2009 ). These phenomena suggest that species discovery and description should be based upon a combination of results acquired by different approaches instead of relying on any single approach (de Quieroz 2007; Mann 2010) . (Krammer & LangeBertalot 1986; Round et al. 1990; Wehr & Sheath 2002) . In the present study, diverse European regions and habitats were sampled to obtain monoclonal cultures in order to (1) analyse the phylogenetic structure, (2) assess the qualitative and quantitative morphological variation of the lineages, and (3) describe the distribution patterns of the lineages.
MATERIAL AND METHODS
Between October 2007 and June 2010, 62 benthic samples were taken from diverse freshwater oligotrophic biotopes (ombrotrophic peat bogs, minerotrophic mires, Sphagnum dominated littoral of lakes, and ephemeral habitats) in nine European regions. Localities in the Czech Republic (CZ), western Ireland (IE), and south-western France (FR) were studied in detail; samples from other localities were incidentally collected, i.e. the Azores Islands (PT), Germany (DE), the Netherlands (NL), Slovakia (SK), Slovenia (SI), and Sweden (SE) (for details, see Table S1 ). The epipelic communities were collected from the surface of the sediment by means of a collection tube, and the epiphytic samples were obtained by squeezing the bryophytes. The samples from sites with both microhabitats were represented by a mixture of epiphytic and epipelic communities. Conductivity and pH values were measured in the field using a combined pH/conductometer WTW 340i (Wissenschaftlich-Technische Werkstä tten GmbH, Weilheim, Germany). Climatic conditions were reconstructed from the temperature values measured by the meteorological stations in closest proximity to the locality (http://www.wunderground.com; for details, see Table S2 ). Temperature values were corrected according to the altitude of the sampling locality (20.65uC per 100 m increase in altitude). Monoclonal cultures were isolated from natural samples using a mouth-pipetting technique, following Edgar & Theriot (2004) . A randomly chosen cell was transferred (using sterile Pasteur pipettes with an ultrathin tip) through a series of drops of sterile medium in order to minimize the risk of potential contamination. In total, 378 isolates were successfully grown in oligotrophic liquid medium (recipe from the Culture Collection of Algae of Charles University of Prague, http://botany.natur.cuni.cz/algo/caup-media.html). The medium was enriched with sodium metasilicate (8 ml 0.05 M Na 2 SiO 3 ?9H 2 O l 21 medium). The final pH was adjusted using NaOH and HCl to the pH value measured at a particular locality. Cultures were maintained at 18uC using continuous illumination (5-15 mmol photons m 22 s
21
) from a white fluorescent tube. Cultures were inoculated from 96 well tissue-culture plates into glass Petri dishes (90 mm diameter) one month after isolation; cells were harvested with a sterile pipette over the next 2-3 months. Frozen cultures and voucher material were deposited in the Laboratory of Phycology, Department of Botany, Charles University in Prague, Czech Republic.
For the amplification of the D1/D2 region of the nuclearencoded large subunit (LSU) rDNA, a modified ''singlecell'' polymerase chain reaction (PCR) approach was followed (for details see Poulíčková et al. 2010) . With published diatom sequences (GenBank database) and early partial sequences amplified with nonspecific D1R/D2C primers (Yeung et al. 1996) , the final specific primers were designed as follows: forward LSU-80DF (59-AGTAAGGG-CGACTGAA-39) or LSU-DF1 (59-AGTAAGGGCGACT-GAAG-39) and reverse LSU-740DR (59-ACCCTATTCA-GGCATAGTT-39) or LSU-710DR (59-AGCCTCCACCA-GAGTTTCCCCTGGC-39). In all cases the AmpliTaq Gold DNA Polymerase (Applied Biosystems, Carlsbad, California, USA) was used. PCR conditions were 94uC for 10 min; 35 cycles at 94uC for 1 min, 51uC for 1 min, 72uC for 1 min; and a final extension at 72uC for 10 min. PCR products were purified either by a JetQuick PCR Product Purification Kit (Genomed, Lö hne, Germany) or a Qia Mini Elute Gel Extraction Kit (Qiagen Inc., Valencia, CA, USA) and then sequenced by Macrogen Inc. (Seoul, South Korea). Sequences were obtained from 353 Frustulia rhomboides strains. Raw sequences were edited in SeqAssem (SequentiX, Klein Raden, Germany), and ambiguous positions (intraclonal sequence variation) were manually screened, following Beszteri et al. (2005) . Ambiguities that could not be resolved were retained in the alignment. Since some sequences were of poor quality, a set of 339 complete sequences was used in the recognition of identical sequences (MEGA ver. 3.1; Kumar et al. 2008) . The alignment of 25 unique sequences was done manually using RNA secondary structure that was constructed in 4Sale (Seibel et al. 2006 (Seibel et al. , 2008 according to the published secondary structures (Sato et al. 2008; Poulíčková et al. 2010) . After deletion of the 59 and 39 ends and after exclusion of the variable part in the ending loop of stem C1, the final length was 533 bp; 18 variable characters were parsimony-uninformative, and 42 characters were parsimony-informative. The sequence alignment is available from the authors upon request. Unique sequences were deposited in GenBank under the accession numbers HE601709-HE601733 (Table 1) .
Phylogenetic analyses were performed with Bayesian inference (BI) methods using MrBayes ver. 3.1.2 (Huelsenbeck & Ronquist 2001) ; maximum likelihood (ML) using Garli ver. 0.951 (Zwickl 2006) ; and maximum parsimony (MP) using PAUP ver. 4.0b10 (Swofford 2001) . The general-time-reversible model with invariable sites and gamma distribution was identified by PAUP/MrModeltest ver. 2.3 (Nylander 2004) as the most appropriate model of sequence evolution. The unrooted phylogenetic tree was inferred with BI. Two parallel Markov chain Monte Carlo runs were carried out for three million generations, each with one cold and three heated chains. Trees and parameters were sampled every 100 generations, and a tree burn-in value was set to 100. ML and MP analyses for bootstrap supports of phylogenetic lineages were set according to Š kaloud & Peksa (2010) .
Strains used in the morphometric analyses were selected with respect to their genetic and geographic distance to enable the evaluation and comparison of both intragroup and intergroup variation (Table 1 ). Frustules were cleaned by incineration (Battarbee et al. 2001) and mounted in Naphrax (Brunel Microscopes Ltd, Wiltshire, UK). Images of the valves, focused on their outline, were photographed with an Olympus BX51 (UPlan FLN 100x/1.30 oil objective, differential interference contrast imaging), using Olympus Z5060 digital microphotographic equipment (Tokyo, Japan). Ultrastructural characters (striae and areolae density, shape of helictoglossa, and raphe endings) for 11 strains were observed using a scanning electron microscope SEM JEOL 6380LV (Tokyo, Japan). Frustules of strains examined by electron microscopy were cleaned using the hydrogen peroxide-potassium permanganate method (Krammer & Lange-Bertalot 1986) and coated with an ultrathin layer of gold. All lineages of Frustulia rhomboides (2-14 strains from each lineage) were also characterized by conventional morphometric measurements (length, breadth, and length/breadth). Valve outlines of the most closely related lineages with a similar morphology (33 strains) were examined by geometric morphometrics. In this landmarkbased geometric morphometric study, 30 valves from each strain (990 valves) were analysed using thin-plate spline (TPS) software (Rohlf 2010) . The shape of the cells was represented by configurations of 46 landmarks (digitized in TpsDig ver. 1.4); one fixed landmark was situated on the apex of the cell, and 45 sliding landmarks (5 semilandmarks sensu Bookstein 1997) were regularly spaced along the outline. Shape coordinates were computed by Procrustes superposition of landmarks (TpsRelw ver. 1.46). The allometric component of shape variation was removed by multivariate regression of shape coordinates on centroid/ geometric size using R ver. 2.8.1 (R Development Core Team 2008) . The resulting data set, the regression residuals, was used in the subsequent analyses, which assessed both the qualitative and quantitative nonallometric shape variation of the strains. The mean valve shapes of the lineages or strains were visualised by the thin plate spline method as deformations from the overall mean configuration of landmarks of the entire dataset (TpsSplin ver. 1.20) . The principal component analysis (PCA) diagram was performed to show the ordination of cells and centroids of strains according to their morphological similarity. The differences between the morphology of the phylogenetic lineages were tested by nonparametric pairwise comparisons with a Bonferroni correction; the univariate Mann-Whitney test and multivariate analysis of variance (NPMANOVA) based on the Mahalanobis distances were calculated. The canonical variates analysis (CVA) quantified the morphological distinctness between phylogenetic lineages, using Mahalanobis distances. Univariate statistics, PCA, NPMA-NOVA, and CVA were performed in PAST ver. 2.08 (Hammer et al. 2001) . The ordination diagram was made in SigmaPlot ver. 9 (Systat Software Inc., San Jose, CA, USA).
Sequence frequencies of the lineages at the sampling sites were calculated from the whole dataset of 353 sequences; both complete and partial sequences were used (not shortened as in alignment). The frequencies of the most closely related and common lineages (325 sequences) were visualized using pie charts (SigmaPlot ver. 9). Correlations between different distance matrices of sampling sites, which were represented by at least four sequences, were tested using a partial Mantel test within zt-software (Bonnet & Van de Peer 2002) . The matrix of sequence frequencies of lineages was calculated using a Bray-Curtis similarity index. The biotope matrix was qualitatively coded as to biotope type either as match (1), or mismatch (0). The matrices of environmental factors were obtained from standardized Euclidean distances of the climatic factors (altitude, temperature characteristics) as well as measured water parameters (pH, conductivity). The geographic distance matrix was calculated from global positioning system coordinates of localities. The primary data for the matrices' calculations are shown in Table S1 . Differences between environmental variables at sampling sites that were dominated by one of the common lineages were tested by a series of permutation t tests in PAST ver. 2.08. Sites represented by a single sequence were omitted from these calculations.
RESULTS
The vast majority of partial LSU rDNA sequences showed intraclonal polymorphism at 1-5 sites, in which the positions varied among the lineages. Since in many cases the background base peaks hampered the recognition of ambiguities, the identification of sequence variants was not possible for all sequences with certainty. A Bayesian tree separated traditional Frustulia rhomboides morphospecies into six phylogenetic lineages (Fig. 1) . However, the genetic differentiation did not unambiguously reflect the morphology of the traditional varieties based upon valve dimensions and valve end shapes (Krammer & Lange-Bertalot 1986). Isolates are identified by strain name (e.g., F278 5 strain F278; see Table 1 ), followed by the number of identical sequences and by the geographic origin of the isolates: The scale bar 5 0.2 substitutions per site. Cells from lineage I had larger dimensions, coarse striae (Table 2) , and characteristic shapes (outline and raphe); they were identified as F. rhomboides var. viridula (Figs 2,  3 ). Cells from lineages II and III were generally smaller and had more-or-less rostrate ends; they corresponded to F.
rhomboides var. crassinervia (Figs 4-7) . However, cells from lineage II differed from other crassinervia-like strains by their coarser striae pattern and by their valve ends being slightly bent on opposite sides (Figs 4, 5) . Cells from lineages IV-VI had variable dimensions with rostrate or protracted valve ends; these resembled F. rhomboides var. saxonica, F. rhomboides var. crassinervia, or F. rhomboides var. rhomboides (Figs 8-13 ).
Ultrastructural features of the raphe endings were similar among all lineages; the external raphe fissures were Tshaped, and the internal raphe sternum ribs formed a portecrayon structure at the apical ends of the valve (figures not shown). Because the cellular morphology in lineages III-VI was ambiguous, morphometric analyses were employed to quantify the morphological variability. Even though the ranges of the traditional morphometric data were broadly overlapping among lineages (Table 2) , there were significant differences between mean values (Mann-Whitney pairwise comparison tests). Valve breadth was significantly different among all pairs of lineages (P , 0.001), and pairwise comparisons, in many cases, were also significant for valve lengths, as well as the length to breadth ratios (Table 3) . A combination of valve length and breadth measurements discriminated between all pairs of lineages (P , 0.001, NPMANOVA), except lineages V and VI. Subsequently, strains of lineages III-VI were analysed by geometric morphometric techniques, which quantified the nonallometric shape variability of the valves. Although both NPMANOVA and CVA significantly differentiated all the pairs of lineages (P , 0.001; Wilks' lambda 5 0.14), the PCA diagram (Figs 14, 15 ) and comparisons based on Mahalanobis distances (Table 3) showed substantial overlaps in the shape characteristics of cells belonging to different lineages. Interestingly, those strains that were isolated from the same locality were separated along the first PC axis according to their genetic divergence, and they did not cluster together (Fig. 15) . Even though pH values of the culture medium were not standardized, the ordination diagram did not reflect the pH gradient. The thin plate spline method was used for reconstruction of the mean valve shapes within individual lineages. Mean valve shapes were also reconstructed for four strains from lineages V and VI with positions intermediate to the clusters representing the morphological variation zof the phylogenetic lineages. Visualizations of the mean valve shapes indicated that strains of lineages IV and VI had a broadly lanceolate valve shape ( Figs 16-18) ; valves of lineages V and VI were narrowly lanceolate ( Figs 19-21) ; and members of lineages III and V had mostly rostrate apical ends (Figs 22, 23 ).
Frustulia rhomboides lineages showed different patterns of geographic distribution within the studied area (Table S1 ; Fig. 24 ). Strains of lineages I, III, and IV had a scattered distribution. Strains of lineage II were found at a single locality in Ireland. Strains of lineage V dominated the Irish and French collection localities, while strains of lineage VI were widely distributed. The Mantel tests of correlations between the frequencies of all lineages and abiotic factors were significant (P , 0.01) for geographic distance (negative correlation) and for biotope type (positive correlation); statistical correlation was still significant (P , 0.01) after removal of the third matrix correlation, which was stepwise selected from the other distance matrices. Sequence frequencies of all lineages were not significantly correlated Table S1 for sampling sites, Table 1 for strain information. (P . 0.05) with climatic characteristics (altitude, temperature) or water characteristics (pH, conductivity); however, the importance of the environmental factors associated with habitat types was obvious. All strains from ephemeral habitats, collected from distant localities, occurred primarily in lineage I or VI. Furthermore, sampling sites separated by a few meters but differing in pH, conductivity, and habitat type (S37 and S38; S41 and S42; S45 and S47) also differed in the sequence frequencies of the lineages (Table S1 ). Sampling sites dominated by lineage V had significantly higher values of pH (P , 0.001; X 5 6.6) and conductivity (P , 0.01; X 5 121) when compared with lineage VI (X pH 5 4.8; X conductivity 5 47). . In addition to changes in cell size and shape during the life cycle, phenotypic plasticity may be induced by environmental conditions, and this plasticity may mask the morphological signal traditionally used for species identification (Mann 1999; Kociolek & Stoermer 2010) . Nonetheless, geometric morphometric studies of monoclonal diatom cultures demonstrated that shape variation could be relatively high and overlapping for closely related strains and lineages, even though the strains were cultivated under stable experimental conditions and the allometric components of the shape variation were reduced in the morphometric analyses (Veselá et al. 2009; Poulíčková et al. 2010) . A similar pattern was found in our study. Despite significant differences between the mean shapes of closely related lineages, morphological identification of individual cells would hardly be possible based upon frustule outlines. We cannot exclude the possibility that some ultrastructural decided not to describe our lineages as separate species on the basis of partial LSU data. A multilocus phylogeny combined with other approaches may be more appropriate for taxonomic conclusions among the closely related Frustulia rhomboides lineages.
Although it has been assumed that the hidden diversity of traditional protist species is accompanied by physiological, ecological, and/or geographic differentiation (Amato et al. 2007; Mann & Evans 2007) , few diatom studies have investigated these aspects. The case studies on sibling species have suggested that diatoms may be either widely distributed within a particular climatic zone or narrowly restricted within a geographic region (Casteleyn et al. 2008; Kooistra et al. 2008; Mann et al. 2008 ). Our study also showed different distribution patterns, even within a relatively small geographic area. The members of lineage II and III were only recorded in western Ireland and/or Aquitaine. Conversely, some lineages had a wide geographic distribution, including the rarely encountered lineages I and IV as well as the frequently encountered lineages V and VI. Lineage V predominated in the western localities but it was also rarely present in eastern areas. According to the statistical tests, sequence frequencies of Frustulia rhomboides lineages were significantly correlated with the geographic distances and habitat type. We suggest that the frequencies can be explained by specific environmental requirements rather than by dispersal constraints. In particular, lineages V and VI were most likely associated with different habitat types in two geographic areas. Lineage V predominated in the western area, which was mostly represented by circumneutral lakes. On the other hand, samples from eastern localities, which were dominated by lineage VI, were mostly taken from acidic habitats. Similar results have also been obtained in the long-term studies of Sellaphora sibling species, with some species having specific environmental requirements with respect to pH and trophic status Poulíčková et al. 2008) . In addition, Créach et al. (2006) and Vanelslander et al. (2009) also illustrated that the distribution frequencies of individual Navicula phyllepta Kü tzing sibling species reflected differences in their ecological preferences. Since molecular genetic analyses need an incomparably larger effort in comparison with studies based on morphological features, morphometric techniques has been used to assess the identity and variability of natural populations with respect to the morphology of the type specimens (Potapova & Hamilton 2007; Frá nková et al. 2009) or the phylogeny of the species complexes (Vanelslander et al. 2009; Neustupa et al. 2011) . It is likely that morphometric methods also could be used for the estimation of distribution and ecology of pseudocryptic Frustulia rhomboides lineages on the basis of natural assemblages because the mean morphological features differed between lineages. Therefore, it would be possible to compare by means of statistical analyses morphological variation of natural populations with the morphology of Frustulia rhomboides lineages.
In conclusion, the phylogenetic lineages recovered in this study did not fully correspond to traditionally recognized subspecific taxa of the Frustulia rhomboides complex. The geographic distribution of frequently occurring pseudocryptic lineages within F. rhomboides most likely reflected their different environmental requirements. Considering the results of our study, future polyphasic taxonomic revision of the genus Frustulia would apparently require the description of several species within the traditional F. rhomboides. 
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